In Brief
El-Sherif and Levine use live imaging to visualize the dynamic shifts of gap gene expression in living Drosophila embryos. They analyze the regulatory basis of these temporal dynamics and provide evidence for coordinated action of two enhancers (primary and shadow) with overlapping but distinct regulatory activities.
SUMMARY
Drosophila patterning genes often contain pairs of primary and shadow enhancers that possess overlapping activities [1] [2] [3] [4] [5] . It has been suggested that this regulatory ''redundancy'' helps ensure reliable activation of gene expression under stressful conditions such as increases in temperature [4, 5] . There is also evidence that shadow enhancers help produce sharp on/off boundaries of gene expression in response to small changes in the levels of regulatory factors, such as the maternal Bicoid gradient [6, 7] . Here, we use live-imaging methods to visualize the temporal dynamics of the gap genes Kruppel and knirps, which are essential for the patterning of the thorax and abdomen, respectively [8, 9] . Previous analyses of fixed embryos suggested anterior shifts of the Kruppel and knirps expression patterns [10] . Here, we use computational visualization methods to reveal the precise temporal dynamics of these shifts and further suggest that shadow enhancers are crucial for this process. We discuss potential mechanisms for enhancer dominance, whereby one enhancer represses the other to foster temporal dynamics.
RESULTS
We employed newly developed live-imaging methods to visualize and measure dynamic anterior shifts in the Kruppel (Kr) and knirps (kni) expression profiles. Kr and kni transgenes contain 24 tandem repeats of the MS2 stem loop in the 5 0 UTR of the yellow (y) reporter gene (MS2/y). The two previously identified Kr enhancers (CD1 and CD2) [8] are located within an 4 kb region upstream of the transcription start site ( Figure 1A ). We attached this region (CD1+CD2) or individual CD1 and CD2 enhancers to the MS2/y reporter gene ( Figures 1B-1D ). Each of these transgenes was introduced into eggs carrying a maternally expressed MCP:GFP fusion protein, and living embryos were imaged to visualize MS2/y nascent transcripts (cyan in Figures 2A-2C and left panels of Movies S1, S2, and S3).
Due to the stochastic nature of transcription [11, 12] , we sought to estimate the average transcriptional activity in each nucleus by measuring MS2 signals for 5-min time windows during the entirety of nuclear cycle 14 (nc 14) (red in Figures 2A-2C and left panels of Movies S1, S2, and S3; see the Supplemental Experimental Procedures). To characterize the spatiotemporal dynamics of transcriptional activity along the anterior-posterior (AP) axis, we took the spatial average of the MS2 signal across the dorsal-ventral (DV) axis. In this way, we measured the dynamics of the anterior, posterior, and peak positions of transcriptional activities during nc 14 ( Figures 2D-2F , 2J, and 2K; see the Supplemental Experimental Procedures).
The Kr CD1+CD2>MS2/y transgene displayed a dynamic expression profile with progressive shifting from posterior to anterior regions (right panel of Movie S1; Figures 2D, 2G , and S2D). Peak levels of expression were detected 10 min after the onset of nc 14 ( Figures 2J and S2A, brown) , and during the next 15 min, the expression pattern shifts by an average of three or four nuclei in anterior regions (the width of a segment primordium; see Figures 2G and S2D ). During later stages, there are diminished levels of expression and a slight overall decrease in the width of the pattern (Figures 2K and S2B, brown).
Anterior shifts in gap gene expression were previously inferred from the analysis of fixed embryos [10] , but here, we are able to examine the contributions of individual enhancers to this process. We therefore compared the expression dynamics mediated by the Kr CD1+CD2>MS2/y transgene with those containing individual enhancers (CD1>MS2/y and CD2>MS2/y). The CD1 transgene also exhibits peak activity 10 min following the onset of nc 14, although the expression levels are significantly weaker than those seen for the CD1+CD2 transgene Figure 2E ). These observations suggest that CD2 somehow suppresses CD1 activity within the context of the CD1+CD2>MS2/y transgene ( Figure 2K ; see the Discussion).
Similar analyses were performed for the gap gene kni (Figure 3 ; Movies S4, S5, and S6), using three MS2/y bacterial artificial chromosome (BAC) transgenes described in a previous study [7] . The kni 5 0 +int>MS2/y transgene ( Figure 1F ) contains both the 5 0 enhancer and intronic enhancer (int). Transgenes containing each enhancer alone were obtained by replacing enhancer DNAs with phage lambda DNAs of similar sizes.
The 5 0 +int>MS2/y transgene reaches peak expression at 10 min following the onset of nc 14 and subsequently diminishes during later stages ( Figures 3A, 3J , and S2E, orange). As seen for Kr, it also undergoes a dynamic posterior-toanterior shift ( Figures 3D, 3G , and S2H; right panel of Movie S4) as previously inferred by the analysis of fixed embryos [10] . There is also a progressive narrowing of the expression limits ( Figures 3K and S2F , orange). The 5 0 >MS2/y transgene initially produces a pattern of expression that is similar to (or possibly slightly narrower than) that seen for the 5 0 +int>MS2/y transgene (compare Figures 3A and 3B ), although the anterior border fails to expand into anterior regions ( Figures 3E, 3H , and S2H; right panel of Movie S5). There is also a significant reduction in the overall levels of expression ( Figure 3J ).
The intronic enhancer drives a weak but abnormally wide expression profile ( Figures 3C, 3F, 3J , 3K, S2E, and S2F) as previously reported [6, 13] . Surprisingly, the pattern progressively widens during nc 14, which contrasts with the narrowing seen for both the 5 0 +int>MS2/y and 5 0 >MS2/y transgenes (Figures 3K and S2F ). This expansion is significantly broader in anterior regions than the shifts seen for transgenes containing 
DISCUSSION
Visualization of Kr>MS2 and kni>MS2 reporter genes in living embryos revealed a dynamic transition from initiation to refinement during nc 14. This transition is characterized by a continuous decay, shift, and narrowing of the expression domains, as previously described using sequentially staged fixed embryos [10] . Here, we have directly visualized these refinement dynamics in living embryos and provide evidence that they arise from the interplay of primary and shadow enhancers possessing overlapping but distinctive regulatory activities. The CD1 enhancer is the main driver of Kr expression prior to nc 14. However, the CD2 enhancer dominates from 10 to 25 min after the onset of nc 14. During this time, there is a dynamic anterior shift in the expression pattern. This shift might be due to refinement in the spatial limits of the Giant repressor, which delineates the anterior border of the Kr pattern [10, 14] . It is also possible that transcriptional repressors bound to CD2 are able to function in a dominant fashion to inhibit the activity of CD1 in posterior regions [15, 16] . Such repression would not be expected to interfere with the additive activities of the CD1 and CD2 enhancers in central regions of the Kr pattern where expression is quite stable despite dynamic refinement at the borders (see Figure 4A for a summary) .
A similar scenario is seen for the temporal dynamics of the kni expression pattern. The intronic enhancer mediates broad expression during the early phases of nc 14. The 5 0 enhancer dominates during subsequent phases to repress expression in posterior regions and delineate the limits of the anterior shift. It is possible that Hb functions as a repressor in the context of the 5 0 enhancer and directly silences the transcription initiation complex. Once again, such repression should not impede the well-documented additive (and even super-additive) activities of the intronic and 5 0 enhancers in central regions of the kni pattern where expression is quite stable during dynamic refinement of the borders [7] .
Enhancer pairs are seen for many of the patterning genes active in the early embryo, including additional gap genes such as giant [13, 17] and tailless [18, 19] as well as headpatterning genes such as orthodenticle [13] . These enhancers were previously shown to possess overlapping spatial patterning activities [6] . It is conceivable that they also regulate dynamic expression profiles as documented for Kr and kni.
The posterior-to-anterior shifts observed for the gap genes in Drosophila are evocative of the wave dynamics of gene activity seen for somitogenesis in vertebrates [20] and segmentation in the short germband insect Tribolium [21, 22] . Here, we showed that the shifts and shrinkage of gap gene expression domains in Drosophila are regulated by the concerted action of two enhancers with overlapping but distinct activities. It seems reasonable to anticipate that the propagation dynamics of segmentation genes in vertebrates and short germband insects are similarly regulated by multiple enhancers.
Complex spatial patterns (e.g., multiple ''even-skipped'' stripes) are often regulated by multiple enhancers, each driving a subset of the complete pattern [23] [24] [25] . This study raises the possibility that the same principle might also apply to the regulation of complex ''temporal'' patterns. There may be multiple enhancers for different temporal features of a given spatial pattern. It is easy to imagine that at least some of the regulatory complexity observed in vertebrate genomes, e.g., clusters of linked enhancers such as ''super-enhancers'' [26] , is due to the demands of complex spatial and temporal profiles of gene activity. 
